The aromatase knockout (ArKO) mouse cannot synthesize endogenous estrogens due to disruption of the Cyp19 gene. We have shown previously, that ArKO mice present with ageprogressive obesity and hepatic steatosis, and by 1 yr of age both male and female ArKO mice develop hypercholesterolemia. In this present study 10-to 12-wk-old ArKO mice were challenged for 90 d with high cholesterol diets. Our results show a sexually dimorphic response to estrogen deficiency in terms of cholesterol homeostasis in the liver. ArKO females presented with elevated serum cholesterol; conversely, ArKO males had elevated hepatic cholesterol levels. In response to dietary cholesterol, 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase transcript levels were significantly reduced in females, whereas males showed more modest changes. Neither low density lipoprotein nor sterol regulatory element-binding protein expression levels were significantly altered by diet or genotype. The expression of Cyp7a, which encodes cholesterol 7␣-hydroxylase, was significantly reduced in ArKO females compared with wild-type females and was increased by cholesterol feeding. Cyp7a expression was significantly elevated in the wild-type males on the high cholesterol diet, although no difference was seen between genotypes on the control diet. T HE POSSIBILITY that estrogen may play an important role in regulating cholesterol homeostasis has been suggested based on studies showing that premenopausal women have a lower risk of cardiovascular disease than male age-matched controls; however, postmenopausally, when circulating estrogen levels are reduced, their risk rises compared with premenopausal women (1-3). Elevated serum low-density lipoprotein (LDL) levels have been associated with an increased risk of cardiovascular disease (4), whereas high-density lipoprotein (HDL) levels have been shown to have the reverse effect (5). Oral administration of estrogen to postmenopausal women results in lowered levels of LDL (4). This evidence suggests that estrogen plays an important role in cholesterol homeostasis and is protective in terms of cholesterol-associated pathologies.
T HE POSSIBILITY that estrogen may play an important role in regulating cholesterol homeostasis has been suggested based on studies showing that premenopausal women have a lower risk of cardiovascular disease than male age-matched controls; however, postmenopausally, when circulating estrogen levels are reduced, their risk rises compared with premenopausal women (1) (2) (3) . Elevated serum low-density lipoprotein (LDL) levels have been associated with an increased risk of cardiovascular disease (4), whereas high-density lipoprotein (HDL) levels have been shown to have the reverse effect (5) . Oral administration of estrogen to postmenopausal women results in lowered levels of LDL (4) . This evidence suggests that estrogen plays an important role in cholesterol homeostasis and is protective in terms of cholesterol-associated pathologies.
Models of estrogen deficiency have been used to gain insight into the mechanisms of this regulation. These models are the aromatase knockout (ArKO) mouse (6) , the estrogen receptor ␣ knockout mouse (7), the estrogen receptor ␤ knockout mouse (8) , and the double estrogen receptor knockout mouse (9) . ArKO mice presented with age-progressive obesity and hepatic steatosis. By 1 yr of age, both male and female ArKO mice developed hypercholesterolemia, and male ArKO mice exhibited elevated triglycerides (10) . Estrogen receptor ␣ knockout and double estrogen receptor knockout mice presented with a similar phenotype as the ArKOs (11, 12) , whereas no lipid phenotype was described in estrogen receptor ␤ knockout mice (12) . These results indicate that in the absence of estrogen there is a disruption of lipid homeostasis, and presumably this is acting primarily through ER␣. In addition to these mouse knockout models, three adult men have been reported with aromatase deficiency (13) (14) (15) (16) , and one adult male with a defect in ER␣ has been described by Smith et al. (17) . These men showed impaired glucose and lipid metabolism (18), and at least one of the aromatase-deficient patients presented with hepatic steatosis (16, 18) .
It is generally recognized that cholesterol homeostasis is a tightly regulated process, as excess circulating cholesterol is associated with increased risk of cardiovascular disease (19). Cholesterol homeostasis is mainly achieved by regulation of transcription of the enzymes involved in cholesterol synthesis, uptake, and clearance. When sterols in cells are low, the NH 2 -terminal domain of sterol regulatory element-binding protein (SREBP)2 is cleaved so that it can translocate from the endoplasmic reticulum to the nucleus and up-regulate the transcription of 3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG CoA) reductase and HMG CoA synthase, enzymes involved in the de novo synthesis of cholesterol. The LDL receptor (LDLR) is also regulated through this process to allow the uptake of cholesterol from serum (19). Cholesterol is cleared from the body via the liver through the bile acid pathway and also by direct secretion into the bile. The enzyme cholesterol 7␣-hydroxylase, encoded by the Cyp7a gene, catalyzes the rate-limiting step in the pathway of bile acid synthesis and is positively regulated by cholesterol. This is believed to be mediated, at least in rodents, by the formation of oxygenated cholesterol metabolites that serve as ligands for liver X receptor (LXR)␣, an orphan member of the nuclear receptor superfamily that is required for Cyp7a transcriptional activity (20) . Similarly, the ATP-binding cassette G5 (ABCG5) and ATP-binding cassette G8 (ABCG8) transporters, responsible for clearing cholesterol from the liver, are also regulated by LXR␣ (21).
In the present study the role of estrogen in regulating cholesterol homeostasis by the liver has been examined using the ArKO mouse model (6) . The aim of the study was to gain further insight into the role of estrogen to regulate cholesterol homeostasis. To achieve this, ArKO mice were challenged with high cholesterol diets, and transcripts of enzymes and factors involved in cholesterol synthesis, uptake, and clearance were measured.
Materials and Methods Mice
The ArKO mice were generated by deleting 90% of exon 9 of the Cyp19 gene as described by Fisher et al. (6) . Wild-type (WT) and homozygous null offspring were generated by heterozygous matings. The genotype of the offspring was determined by PCR as described by Robertson et al. (22) . Experimental design and animal usage were approved by the Monash Medical Center animal ethics committee. The animals were housed in specific pathogen-free conditions and had unlimited access to drinking water and food.
Diets
Soy-free mouse chow (Glen Forest Stock Feeders, Perth, Australia) was the control diet used to feed the mice; it contains wheat meal instead of the soy meal found in regular mouse chow, as isoflavones in soy are known to have estrogenic effects (23). This diet contains 15% of calories as fat (0.02% cholesterol), 20% calories as protein, and 65% of calories as carbohydrate. Intermediate and high cholesterol diets were fed to the mice to challenge their lipid homeostasis. The intermediate diet had 0.2% cholesterol added to the soy-free mouse chow; this is 2-fold more than what is normally needed to maintain homeostasis. The high cholesterol diet had 2% cholesterol added to the soy-free mouse chow, which is 20-to 30-fold more than that normally needed to maintain homeostasis. ArKO and WT males and females were fed the control diet (0% added cholesterol to a soy-free diet), the 0.2% cholesterol diet, or the 2% cholesterol diet for 90 d beginning at 10 -12 wk of age.
Tissue collection
Mice were killed by cervical dislocation. Truncal blood was collected after decapitation. Blood was allowed to clot, and serum was collected and stored at Ϫ20 C. The liver was removed, weighed, snap-frozen in liquid nitrogen, and stored at Ϫ80 C for gene and lipid analyses.
Measurement of serum and hepatic lipids
Cholesterol and HDL were quantified in the bloodstream using Cholesterol Flex and automated HDL cholesterol kits, respectively (Dade Behring, Newark, DE). Hepatic cholesterol levels were quantified after homogenization of 0.2 g liver in 10 ml chloroform/methanol (2:1, vol/ vol) (20). Samples were centrifuged for 20 min at 800 ϫ g; the lipid phase was removed, and chloroform was evaporated off. Total cholesterol was quantified using the Cholesterol 20 kit (352-20, Sigma-Aldrich Corp., St. Louis, MO).
Gene analysis
RNA was extracted from the liver using the phenol-chloroform method (Ultraspec RNA, Fisher Biotech, Australia) and was quantified spectrophotometrically. Two-step RT-PCR was performed using random primers (Roche, Mannheim, Germany) and AMV reverse transcriptase enzyme (Promega, Madison, WI). A LightCycler (Roche) was used to quantitate mouse transcripts using specific primer pairs. Primer pairs were shown to be specific through a single peak in the melting curves, and a single product was seen on an ethidium bromide (SigmaAldrich Corp.) agarose (Promega) gel corresponding to the appropriate product size as measured by a 1-kb ladder (Promega). To further confirm the primer specificity, PCR products were sequenced to confirm their identities. Primer sequences are shown in Table 1 .
All samples were normalized to 18S. All samples were run individually in three separate RT reactions, transcripts were measured using real-time PCR, and then the data were presented as a mean of the three consistent runs. Interassay variability was assessed using the same standards in repeated runs and assessing the crossing points to ensure consistency between runs.
Statistical analysis
All graphs were expressed as the mean Ϯ sem. Univariate ANOVA was used to determine overall statistical differences. Genotypes within a diet were compared using univariate ANOVA. When there were three diets, Tukey's post hoc test was used to determine significance (SPSS version 10.0 for Windows, SPSS, Inc., Chicago, IL).
Results

Serum cholesterol levels
Serum cholesterol and HDL were measured in males and females. Overall, the female ArKO mice had significantly elevated levels of female serum cholesterol and HDL compared with WT animals (P ϭ 0.015; F 1 ϭ 6.716 and P ϭ 0.017; F 1 ϭ 6.427, respectively). For individual diets, the ArKO females on the control diet had significantly elevated levels of serum cholesterol compared with WT controls (P ϭ 0.019; F 1 ϭ 6.736; Fig. 1A ), and serum HDL levels were significantly elevated in ArKO females on the control diet compared with control WT mice (P ϭ 0.006; F 1 ϭ 12.614; Fig. 1C ). No significant changes were seen in serum cholesterol or HDL between ArKO or WT mice on the 0.2% (P ϭ 0.293; F 1 ϭ 1.245 and P ϭ 0.455; F 1 ϭ 0.609, respectively) or the 2% cholesterol diet (P ϭ 0.310; F 1 ϭ 1.157 and P ϭ 0.291; F 1 ϭ 1.261). There was no significant difference between diets for either serum cholesterol (P ϭ 0.192; F 2 ϭ 1.754) or HDL (P ϭ 0.602; F 2 ϭ 0.517).
Conversely, males on the control diet showed no difference between ArKO and WT in serum cholesterol levels (P ϭ 0.117; F 1 ϭ 3.005) or either the 0.2% or 2% cholesterol diets (P ϭ 0.585; F 1 ϭ 0.318 and P ϭ 0.730; F 1 ϭ 0.158, respectively; Fig. 1B ). When they were fed the 2% cholesterol diet, there was a significant reduction in serum cholesterol levels for both genotypes compared with animals on the control diet (P ϭ 0.012; F 2 ϭ 5.562; Fig. 1B ). There was also a reduction in serum cholesterol levels in the males fed the 0.2% cholesterol diet compared with animals fed the control diet, (P ϭ 0.056; F 2 ϭ 5.562), although it did not reach significance. Similarly, serum HDL levels did not differ between genotypes on the control diet (P ϭ 0.429; F 1 ϭ 0.686), the 0.2% cholesterol diet (P ϭ 0.130; F 1 ϭ 2.717), or the 2% cholesterol diet (P ϭ 0.900; F 1 ϭ 0.017). However, when they were fed the 2% cholesterol diet, there was a significant reduction in HDL levels compared with control-fed animals (P ϭ 0.005; F 2 ϭ 6.353; Fig. 1D ). There was also was a reduction in serum HDL levels in males fed the 0.2% cholesterol diet compared with animals fed the control diet (P ϭ 0.069; F 2 ϭ 6.353).
Hepatic cholesterol levels
Hepatic cholesterol levels were measured in both males and females. Female ArKO mice on the control diet showed significantly lower levels of hepatic cholesterol compared with WT (P ϭ 0.05; F 1 ϭ 4.217; Fig. 2A ). Hepatic cholesterol levels were elevated significantly in ArKO and WT females fed both the 0.2% and 2% cholesterol diets compared with control-fed animals (P ϭ 0.000 and P ϭ 0.000, respectively; F 2 ϭ 19.239; Fig. 2A ). No differences were seen between genotypes on the 0.2% and 2% cholesterol diets (P ϭ 0.251; F 1 ϭ 1.507 and P ϭ 0.275; F 1 ϭ 1.405, respectively). The male mice showed the opposite effect, namely that ArKO mice on the control diet had significantly elevated levels of hepatic cholesterol compared with WT controls (P ϭ 0.000; F 1 ϭ 217.187; Fig. 2B ). When the male mice were fed the 0.2% and 2% cholesterol diets, there was a significant increase in hepatic cholesterol levels in all groups compared with controls (P ϭ 0.000 and P ϭ 0.000, respectively; F 2 ϭ 47.439; Fig. 2B ).
FIG. 1. Serum lipid profiles.
A, Female serum cholesterol levels. Overall, ArKOs have significantly elevated serum cholesterol levels compared with WT animals (P ϭ 0.015; F 1 ϭ 6.716). ArKO controls have significantly elevated serum cholesterol levels compared with WT controls (P ϭ 0.019; F 1 ϭ 6.736). B, Male serum cholesterol levels. Levels from males on the control diet were significantly elevated compared with males fed the 2% cholesterol diet (P ϭ 0.012; F 2 ϭ 5.562). C, Female serum HDL cholesterol levels. Overall, ArKOs have significantly elevated serum HDL levels compared with WTs (P ϭ 0.017; F 1 ϭ 6.427). ArKO controls have significantly elevated serum HDL levels compared with WT controls (P ϭ 0.006; F 1 ϭ 12.614). D, Male serum HDL cholesterol levels. Males on the control diet have significantly elevated levels compared with males on the 2% cholesterol diet (P ϭ 0.005; F 1 ϭ 6.353). ArKO (Ⅺ) and WT (f) mice. wtc and koc, WT and ArKO on the control diet; WT 0.2% and KO 0.2%, WT and ArKO on the 0.2% cholesterol diet; WT 2% and KO 2%, WT and ArKO on the 2% cholesterol diet. *, P Ͻ 0.05.
However, the hepatic cholesterol content of male ArKOs on the 0.2% and 2% cholesterol diets remained significantly elevated compared with their diet-matched controls (P ϭ 0.030; F 1 ϭ 6.676 and P ϭ 0.003; F 1 ϭ 15.48, respectively; Fig. 2B ).
Expression of genes involved in de novo cholesterol synthesis and uptake
To gain an understanding of the mechanisms that led to the altered cholesterol homeostasis, real-time PCR was performed to quantitate the expression of genes involved in cholesterol metabolism. Transcripts were measured in ArKO and WT mice on the control and 2% cholesterol diets. Female ArKO mice on the control diet showed no statistically significant change in HMG CoA reductase transcript levels compared with WT controls (P ϭ 0.269; F 1 ϭ 1.368) or when they fed 2% cholesterol (P ϭ 0.568; F 1 ϭ 0.348; Fig. 3A ). When they were fed the 2% cholesterol diet, there was a significant reduction in transcript levels for both ArKO and WT females (P ϭ 0.017; F 1 ϭ 6.766; Fig. 3A) . For the males, however, there were no differences between genotype on either diet (control diet: P ϭ 1.00; F 1 ϭ 0.000; 2% cholesterol diet: P ϭ 0.212; F 1 ϭ 1.778) or between diets (P ϭ 0.130; F 1 ϭ 2.501; Fig. 3B ).
The LDLR is responsible for the uptake of LDL cholesterol from serum. No changes were seen for males and females regardless of genotype (LDLR control diet: males, P ϭ 0.477; F 1 ϭ 0.552; females, P ϭ 0.774; F 1 ϭ 0.087; 2% cholesterol diet: males, P ϭ 0.309; F 1 ϭ 1.148; females, P ϭ 0.365; F 1 ϭ 0.900) or between diets (females, P ϭ 0.093; F 1 ϭ 3.110; males, P ϭ 0.961; F 1 ϭ 0.002; Fig. 3, C and D) . SREBP2 is responsible for the transcriptional regulation of both HMG CoA reductase and the LDLR. Its transcripts showed no changes in expression levels in males and females regardless of genotype (control diet: females, P ϭ 0.248; F 1 ϭ 1.056; males, P ϭ 0.217; F 1 ϭ 1.763; 2% cholesterol diet: females, P ϭ 0.246; F 1 ϭ 1.518; males, P ϭ 0.416; F 1 ϭ 0.720) or between diets (females, P ϭ 0.094; F 1 ϭ 3.097; males, P ϭ 0.822; F 1 ϭ 0.052; Fig. 3 , E and F).
Expression of genes involved in the clearance of cholesterol
Cholesterol 7␣-hydroxylase catalyzes the rate-limiting step of cholesterol conversion into bile acids and is encoded by the Cyp7a gene. Female ArKO mice had significantly lower levels of expression of Cyp7a compared with WT controls (P ϭ 0.044; F 1 ϭ 4.616; Fig. 4A ). When the female mice were fed the 2% cholesterol diet, there was a significant elevation in Cyp7a transcript levels in ArKO females compared with ArKO controls (P ϭ 0.049; F 1 ϭ 4.414; Fig. 4A ). Cyp7a expression was lower in male livers compared with females and was not different in male ArKO and WT on the control diet (P ϭ 0.726; F 1 ϭ 0.130) vs. when they were fed the 2% cholesterol diet (P ϭ 0.212; F 1 ϭ 1.778). However, 2% cholesterol up-regulated Cyp7a expression in WT males, but not in ArKO males (P ϭ 0.025; F 1 ϭ 6.529; Fig. 4B ).
The role of the ABCG5 and ABCG8 transporters is to remove excess cholesterol from both liver and intestine. Females on the control diet had no difference in both transporter transcript levels between genotypes (ABCG5: P ϭ 0.506; F 1 ϭ 0.476; ABCG8: P ϭ 0.631; F 1 ϭ 0.245) or when fed the 2% cholesterol diet (ABCG5: P ϭ 0.728; F 1 ϭ 0.128; ABCG8: P ϭ 0.932; F 1 ϭ 0.008; Fig. 4, C and E) . Challenge with the high cholesterol diet resulted in a significant up-regulation in both genotypes compared with controls (P ϭ 0.009; F 1 ϭ 8.514 and P ϭ 0.002; F 1 ϭ 12.135, respectively; Fig. 4 , E and C). Similarly, males on the control diet also showed no differences in transcript levels for ABCG5 and ABCG8 transporters (P ϭ 0.205; F 1 ϭ 1.844 and P ϭ 0.231; F 1 ϭ 1.653, respectively) or on the 2% cholesterol diet (ABCG5: P ϭ 0.205; F 1 ϭ 1.844; ABCG8: P ϭ 0.651; F 1 ϭ 0.218; Fig. 4, D and F) . However, when the diet was supplemented with 2% cholesterol, there was a significant up-regulation in expression only for the ABCG8 transporter in both ArKO and WT (P ϭ 0.022; F 1 ϭ 6.209); ABCG5 transporter expression did not change (P ϭ 0.822; F 1 ϭ 0.052; Fig. 4, D and F) .
Acyl-coenzyme A:cholesterol acyltransferase 2 (ACAT2) catalyzes the formation of cholesterol esters from unesterified cholesterol in the liver. Transcript levels were significantly reduced in female ArKO control mice compared with
FIG. 2. Hepatic cholesterol levels.
A, Female hepatic cholesterol levels. ArKO mice on the control diet have significantly lower levels of hepatic cholesterol compared with WT (P ϭ 0.05; F 1 ϭ 4.217). Both genotypes fed the 0.2% and 2% cholesterol diets have significantly higher levels of hepatic cholesterol compared control fed animals (P ϭ 0.000; F 2 ϭ 19.239). B, Male hepatic cholesterol levels. ArKO compared with WT on the control diet had significantly elevated hepatic cholesterol (P ϭ 0.000; F 1 ϭ 217.187). ArKO mice fed the 0.2% and 2% cholesterol diets have significantly higher levels of hepatic cholesterol compared with diet-matched controls (for both, P ϭ 0.000; F 2 ϭ 47.439). Between genotypes there was a significant difference for both 0.2% and 2% cholesterol diets (P ϭ 0.030; F 1 ϭ 6.676 and P ϭ 0.003; F 1 ϭ 15.48, respectively). Ⅺ, ArKO mice; f, WT mice. WTC and KOC, WT and ArKO on the control diet; WT 0.2% and KO 0.2%, WT and ArKO on 0.2% cholesterol diet; WT 2% and KO 2%, WT and ArKO on 2% cholesterol diet. *, P Ͻ 0.05; **, P Ͻ 0.01.
WT (P ϭ 0.015; F 1 ϭ 7.146), No significant changes were seen between genotypes for the 2% cholesterol diet (P ϭ 0.123; F 1 ϭ 2.836; Fig. 4G ). No significant changes were seen in ACAT2 levels for 2% cholesterol-fed animals (P ϭ 0.123; F 1 ϭ 2.836). ACAT2 expression was not different between male ArKO and WT on the control diet (P ϭ 0.246; F 1 ϭ 1.540) or the 2% cholesterol diet (P ϭ 0.187; F 1 ϭ 2.011. Both genotypes, however, responded with a significant up-regulation of ACAT2 when fed the 2% cholesterol diet (P ϭ 0.04; F 1 ϭ 11.014; Fig. 4H ).
Discussion
The rodent liver has long been known to have genderspecific properties, for example, the sexually dimorphic expression of certain members of the P450 superfamily involved in the metabolism of steroid hormones (24, 25). This difference has been related to the differing patterns of GH secretion in males and females. We have previously reported that male ArKO mice are more prone to the development of hepatic steatosis than are female ArKO mice (26). Herein we report on a sexually dimorphic regulation of cholesterol homeostasis as revealed by the ArKO phenotype. The results are summarized in Table 2 and indicate a role for estrogen in the regulation of cholesterol metabolism by the liver of female, but not male, mice. On the other hand, the livers of both sexes responded to a high cholesterol diet in a broadly similar fashion, although there were some differences in the details.
Female hepatic phenotype
We observed that although cholesterol feeding did not result in a rise in serum cholesterol levels in female WT mice, there was a 3-fold increase in hepatic cholesterol levels. This was accompanied by a 3-fold decrease in the levels of transcripts for HMG CoA reductase and more modest declines in the levels of transcripts for the LDLR and SREBP2 (these did not reach statistical significance). These results are consistent with the concept that dietary cholesterol enters the   FIG. 3 . Levels of transcripts for genes regulating de novo cholesterol synthesis and uptake. A, Female HMG CoA reductase transcript levels. Females on the control diet have significantly higher levels of transcripts for HMG CoA reductase compared with 2% cholesterol-fed females (P ϭ 0.017; F 1 ϭ 6.766). B, Male HMG CoA reductase transcript levels. P ϭ NS, changes between genotypes for either diet or between diets. C, Female LDLR transcript levels. P ϭ NS, between genotypes for either diet or between diets. D, Male LDLR transcript levels. P ϭ NS, between genotypes for either diet or between diets. C, Female SREBP2 transcript levels. P ϭ NS, between genotypes for either diet, or between diets. F, Male SREBP2 transcript levels. P ϭ NS, between genotypes for either diet or between diets. Ⅺ, ArKO mice; f, WT mice. WTC and KOC, WT and ArKO on the control diet; WT 2% and KO 2%, WT and ArKO on the 2% cholesterol diet.
bloodstream in the form of chylomicrons, which are metabolized by peripheral lipoprotein lipase to remove much of the triglyceride component. The resulting cholesterol-enriched remnants are then cleared by the liver (27). This cholesterol entering the liver would then serve to inhibit the de novo synthesis of cholesterol and its uptake by the LDLR, at least in part by inhibiting the expression of the genes encoding these protein (19, 28). Such inhibition is believed to be mediated primarily by oxysterols formed from the hepatic cholesterol acting to inhibit the cleavage of SREBP2 to form the N-terminal fragment released from the endoplasmic reticulum. This enters the nucleus to act as a transcription factor for the genes encoding HMG CoA reductase and the LDLR (19). In addition, cholesterol has been shown to stimulate the transcription of Cyp7a, the gene encoding cholesterol 7␣-hydroxylase, the rate-limiting step in bile acid synthesis. This is believed to be mediated by oxysterols acting as ligands for LXR␣ (20, 29). Nevertheless, in the present study Cyp7a transcript levels were not increased in the wild-type mice upon feeding cholesterol.
In the case of ArKO mice on the regular soy-free diet, serum cholesterol levels were elevated, and liver cholesterol was decreased relative to the WT mice. This is suggestive of a defect in cholesterol clearance from the blood by the livers of the ArKO mice. There was a concomitant decrease in transcript levels for HMG CoA reductase relative to WT, but little or no change in the levels of transcripts for the LDL receptor or SREBP2. The most dramatic change was a 3-fold decrease in transcript levels for Cyp7a. Several studies have examined the role of estrogens in the regulation of HMG CoA reductase transcripts and protein with variable results (30 -33). The promoter of HMG CoA reductase has an estrogenresponsive element-like sequence, RED-ERE (34). Studies to date are unclear on whether estrogen acts on this in vivo. HMG CoA reductase activity has been shown to be responsive to estradiol (10 nm) in MCF7 cells and was strongly inhibited by the antiestrogen ICI 164,384. However, in this study there were no changes in transcript levels (34). A study in intact female rats showed a biphasic effect of estrogen. Whereas physiological levels of estrogen led to an increase in HMG CoA reductase activity, higher levels of estrogen (1 mg/kg⅐d) reduced HMG CoA reductase activity back to control levels. These studies indicated that if estrogen does play a role in regulating cholesterol synthesis through the regulation of HMG CoA reductase, it appears to be acting at the level of activity rather than transcription. It may be, therefore, that the lower levels of hepatic cholesterol in the ArKO females compared with controls are due to a down-regulation of HMG CoA reductase activity.
On the other hand, several studies have shown that estrogen up-regulates cholesterol 7␣-hydroxylase (35-38) ; thus, the lack of estrogen action on the livers of the ArKO females together with the lower hepatic cholesterol levels may be the reason for the significant decrease in Cyp7a ArKO females fed the 2% cholesterol diet have significantly elevated levels of Cyp7a compared with ArKO control-fed females (P ϭ 0.049; F 1 ϭ 4.414). B, Male Cyp7a transcript levels. A significant increase in Cyp7a was seen for WT fed 2% cholesterol compared with control animals (P ϭ 0.025; F 1 ϭ 6.529). C, Female ABCG5 transporter transcript levels. Control-fed females had significantly lower levels of ABCG5 transporter compared with 2% cholesterol-fed females (P ϭ 0.009; F 1 ϭ 8.514). D, Male ABCG5 transporter transcript levels. P ϭ NS, differences were seen between genotypes for either diet or between diets. E, Female ABCG8 transporter transcript levels. Control-fed females has significantly lower levels of ABCG8 transporter transcript levels compared with 2% cholesterol-fed females (P ϭ 0.002; F 1 ϭ 12.135). F, Male ABCG8 transporter transcript levels. Control-fed males had significantly lower levels of ABCG8 transporter transcript levels compared with 2% cholesterol fed males (P ϭ 0.022; F 1 ϭ 6.209). G, Female ACAT2 transcript levels. Control-fed ArKOs had significantly lower levels of ACAT2 compared with WT controls (P ϭ 0.015; F 1 ϭ 7.146). H, Male ACAT2 transcript levels. Control-fed males had significantly lower levels of ACAT2 compared with 2% cholesterol-fed males (P ϭ 0.004; F 1 ϭ 11.014). ArKO (Ⅺ) and WT (f) mice. WTC and KOC, WT and ArKO on the control diet; WT 2% and KO 2%, WT and ArKO on the 2% cholesterol diet. *, P Ͻ 0.05.
transcript levels that we observed. Thus, the failure of cholesterol feeding to increase Cyp7a transcripts in the WT liver may be due to the fact that the gene is already activated by estrogen.
Consistent with these concepts, cholesterol feeding of the ArKO females resulted in an increase in liver cholesterol to a lesser extent than in WT animals, but a decline in HMG CoA reductase transcripts to the levels seen in both ArKO and WT animals fed cholesterol. There were no changes in the levels of transcripts for the LDLR and SREBP2. However, most dramatically there was a 4-fold increase in the expression of Cyp7a transcript levels upon feeding cholesterol to ArKO females to levels similar to those seen in WT animals. We conclude from these studies that in the livers of female mice, estrogen and cholesterol induce the expression of Cyp7a to a similar extent, but the effects are not additive. The lack of change in LDLR transcript levels in ArKO animals compared with WT is perhaps surprising in the light of reports that estrogens increase the levels of LDLR and its mRNA (39 -41) and also the high circulating cholesterol levels present in the absence of estrogen. However, these studies generally employed pharmacological levels of 17␣-ethinyl estradiol, and so it is unclear whether physiological levels of estradiol have the capacity to regulate LDLRs. It is also important to note that inhibition of estrogen action with compounds such as tamoxifen and clomiphene (60 mg/kg) did not decrease LDLR expression (30). Thus, although estrogen at high concentrations is a potent stimulator of the LDLR it may not be required for normal functioning of the receptor.
Regarding the ABCG cholesterol transporters, it appears that neither the ABCG5 nor the ABCG8 transporter was affected by the estrogenic state of the mice, although both were induced by cholesterol feeding. This is consistent with the role of LXR␣ to regulate the expression of these transporters (21). In the female liver, ACAT2 transcript levels were suppressed in the absence of estrogen; this may indicate a role for estrogen in ACAT2 regulation, or it may possibly be due to lower levels of hepatic 
Column 1 refers to parameters measure; column 2 refers to ArKO compared to WT on the control diet; column 3 refers to 2% cholesterol diet compared to control diet. F, Female; M, male; KO, ArKO. a, Increase; s, decrease; N, no change.
cholesterol observed in the ArKO females. Cholesterol feeding raised the levels of ACAT2 expression in the ArKO females to a value not different from WT.
Male hepatic phenotype
Overall the levels of the various transcripts in the male livers compared with those of the females would suggest a similar responsiveness to cholesterol feeding, but a failure to respond to estrogen. Thus, the cholesterol content of the male livers was increased upon cholesterol feeding, and this was actually accompanied by a decrease in circulating levels in contrast to those in females. There was also an increase in liver cholesterol in ArKO males, in contrast to a decrease seen in ArKO females, suggesting that the inhibitory effect of estrogen deprivation on cholesterol uptake by the female livers was not present in the males, but that elevated androgens might stimulate cholesterol uptake by the liver. Furthermore, the level of transcripts for Cyp7a increased upon cholesterol feeding in the WT males, but was not affected by the estrogenic state of the animals, again in contrast to the females where the level of Cyp7a was dramatically decreased in the ArKO livers compared with those in WT mice.
In the livers of male mice, the ABCG8 transporter transcripts behaved similarly to those in the females; namely, a stimulation upon cholesterol feeding, but no effect of estrogenic status. However, the ABCG5 transporter was unresponsive, and the WT levels were 2-to 3-fold less compared with those in females. In the case of ACAT2, this did respond to cholesterol feeding with a 3-fold elevation in transcript levels. This was in contrast to the female liver, where wildtype ACAT2 transcript levels were elevated 2-fold compared with those in the male. Estrogen did not appear to affect ACAT2 expression in the males, in which the absence of estrogen led to lower transcript levels in the females.
An important question that arises is the origin of the estrogen that would influence the livers of WT animals. Estrogen levels in WT males are undetectable in the peripheral circulation, yet the male ArKO liver displays marked hepatic steatosis (26). An interesting potential source of estrogen that would affect the livers of both male and female mice is the gastric mucosa. Recently Ueyama et al. (42) showed that gastric parietal cells were a potent site of aromatase activity, which resulted in high circulating estradiol levels in the hepatic portal vein, but not in the peripheral circulation, indicating that estradiol was cleared by the liver. Aromatase activity in gastric mucosa appeared to be roughly equal in males and females. This, then, would provide a nonsexually dimorphic source of estrogen to the liver. It may be assumed, therefore, that the differences between the livers of male and female mice with regard to the effects of estrogen on cholesterol metabolism must reflect differences in the responsiveness of the livers of males and females to the presence of estrogen. Whether androgens play a role in this differential responsiveness remains to be ascertained. Alternatively, and perhaps additionally, the action of estrogen on the liver may be secondary to action in the brain as a consequence of local aromatase activity in the brain. As mentioned previously, sexually dimorphic differences in the levels of certain hepatic cytochrome P450 levels have been attributed to different patterns of GH secretion in males and females (43-45). Resolution of this issue must await the generation of a mouse with a brain-specific inactivation of the aromatase gene.
In conclusion, we have demonstrated a role for estrogen in the regulation of cholesterol metabolism by the livers of female, but not male mice, indicating a sexually dimorphic response in this important homeostatic pathway.
